Closed-loop neuromodulation systems aim to treat a variety of neurological conditions by dynamically delivering and adjusting therapeutic electrical stimulation in response to a patient's real-time neural state. Closed-loop devices must simultaneously record neural signals, remove stimulation artifact from recorded data, and extract neural biomarkers to deliver timely and optimized stimulation. We have integrated these capabilities into the Wireless Artifact-free Neuromodulation Device (WAND). WAND features custom neural interface ASICs (Application Specific Integrated Circuit) and on-board computational components for neural signal processing and closed-loop control. Wireless communication and low power consumption enable chronic monitoring of a freely behaving subject, overcoming the limitations of traditional wired systems. Concurrent sensing and stimulation is enabled by co-designed integration of the recording, stimulation, and processing subsystems. These capabilities are demonstrated in wireless neural recordings in a behaving nonhuman primate (NHP) and on-board cancellation of open-loop stimulation. Using WAND, we demonstrate a functional response to closedloop neuromodulation application during a delayed-reach task by stimulating in response to measured local field potential (LFP) beta band power modulation to disrupt neural preparatory activity. WAND removes stimulation artifacts that perturb online computation of biomarkers such as beta power, thus enabling the accurate biomarker estimation that is fundamental to closed-loop control.
The custom NMICs enable simultaneous low-noise neural recording of LFP and high-compliance electrical current stimulation (Fig. 1c) . A digital interface and on-chip power management circuits are tightly integrated with the stimulation and recording circuits into an 11.52mm 2 footprint. Each NMIC features 64 low-noise and high dynamic-range neural recording, amplifying, and digitizing circuits, as well as 4 high-compliance stimulators with rapidly reconfigurable mapping to any pair of electrodes. Stimulation current amplitudes, pulse timing, and frequencies are also rapidly programmable, as quickly as every pulse 20 ( Supplementary Table. 1). All 64 channels of neural data are digitized (15 bits, 1 k samples/s) and transmitted upstream, while stimulation parameters and commands are received via a bidirectional interface with the FPGA 27 (Fig. 1d) .
Artifact-insensitive recording with the NMIC is achieved through hardware co-design of the stimulation and recording circuits 20 . Most notably, charge balancing of the stimulation recovers the electrode voltage quickly back to baseline, while the recording circuits have a large linear input range to support large stimulation voltage transients. Furthermore, each recording sample has an additional bit to flag an artifact and indicate a stimulation event (Supplementary Fig. 2) . This results in saturation-free recordings with brief artifacts that are easily removable through processing on the FPGA.
To evaluate the quality of recordings made using WAND, we recorded 96 channels of LFP activity from a NHP using a chronically implanted microdrive electrode array with access to both cortical and subcortical nuclei (Fig. 1e) . We compared WAND recordings with sequentially recorded neural data from a wired, state-of-the-art, commercial neurophysiology system (Tucker-Davis Technologies, Alachua, FL). Respective recordings from each system have qualitatively similar signal properties as assessed by computing the power spectral densities (PSD) of the recorded data, showing that WAND recordings exhibit lower 60 Hz interference ( Fig. 1f, g) . To demonstrate robust detection of biomarkers with WAND and establish a baseline for closed-loop experiments, we recorded LFP activity during a standard self-paced, center-out joystick task ( Fig. 2a,  b ). During this behavior, ongoing beta and high-gamma rhythms are inversely modulated by task-related periods of movement ( Fig. 2c, d) . Beta band oscillations are found to emerge during specific motor actions and notably prior to instructed reaches or movements [28] [29] [30] . In pre-motor and motor areas, this rhythm has been linked to neural activity related to motor preparation [31] [32] [33] [34] . The subject had an average reaction time (RT) of 183.8 ± 4.8 (SEM) ms across 400 trials. For LFP signals recorded from pre-motor and motor areas, we found that RT was significantly correlated with the average power of beta band activity around the Go Cue (Pearson's correlation: r = 0.12, p = 0.03).
As compared to tethered systems, wireless systems enable neural recording during a diversity of unhindered, freely-behaving tasks. Wireless systems, however, trade-off between available energy and form factor. WAND utilizes energy-efficient electronics and software-programmable power-saving techniques to maximize battery-life. To validate long-term system functionality, we performed a series of unconstrained, overnight recordings over five days in the subject's home cage ( Fig. 2e) . The recordings were 10.2 hrs on average with typical packet error rates (PER) below 0.5 %. Delta (0 -4 Hz; Fig. 2f ) and theta (4 -7 Hz; Fig. 2g ) power are known to have elevated power during sleep states relative to wake states 35, 36 . K-complexes are sleep-specific phasic waveforms that occur spontaneously and are observed throughout the obtained neural recordings during epochs of increased delta power ( Fig.  2h-k) , consistent with classification of sleep state intervals. To demonstrate WAND's ability to recover neural signals from electrical stimulation artifact in realtime, we performed a series of open-loop stimulation experiments and quantified artifact contamination with artifact cancellation disabled and then subsequently enabled ( Fig. 3a) . During a train of bipolar, biphasic stimulation pulses, recorded artifacts varied in shape over time, yet could still be fully cancelled to recover underlying LFP data ( Fig. 3a,b,e ). The varying artifact morphology is due to the non-integer ratio of the sampling rate to stimulation frequencies ( Supplementary Fig. 2) .
The NMIC flags all samples coinciding with the stimulation pulses, up to 2 samples for bipolar, biphasic stimulation pulses of 160 µA and 125 or 62.5 µs per phase. Averaged templates of single-and doublesample flagged artifacts showed that artifact amplitudes varied proportionally with stimulation amplitude and pulse width and remained well under the 100 mV linear input range of the recording amplifiers for all stimulation parameters within our stimulation protocol ( Fig. 3c,d) . Artifact duration, calculated as the time for the recording to return to within -60 dB of the peak artifact amplitude, was on average 1.66 ms (n = 2650, SEM = 0.023) for stimulation pulses of 125 µs/phase (Fig 3c) . Our artifact cancellation method removes flagged samples by linearly interpolating between the nearest neighboring clean samples 26 .
Without artifact cancellation, the recording spectrum exhibits broadband contamination from narrowband stimulation ( Fig. 3e) . We quantify this by comparing the ratio, R, of signal power integrated from 1 to 200 Hz of LFP during stimulation to baseline LFP (R = 32.78 dB). Enabling artifact cancellation, however, recovers a spectrum similar to baseline (R = -0.60 dB). This indicates that the artifact cancellation is effective for closed-loop algorithms, especially ones dependent on the frequency content of LFP.
Previous work in macaque monkeys has shown that microstimulation delivered to dorsal premotor (PMd) and primary motor (M1) cortical sites during the delay period of a delayed-reach task disrupts movement preparatory activity and causes an increase in RT 33 . As a demonstration of closed-loop neuromodulation using WAND, we reproduced this result by detecting periods of preparation (holding) prior to movement and delivered stimulation to electrodes in PMd in response.
We chose beta band power as the control signal for the closed-loop classification of hold periods prior to movement. We heuristically selected a policy of delivering a preconfigured stimulation pulse train when both the beta power and its derivative exceeded programmed thresholds during a delayed-reach task ( Fig. 3f) . During closed-loop control, beta power was calculated on-board every 256 ms by computing the power spectrum using the most recent window of 512 samples and integrating across the 13 -30 Hz band ( Fig. 3f) . To avoid overstimulation, we implemented a "dead time" of three calculation periods, or 768 ms.
Post-hoc analysis showed that RT increased significantly in behavioral trials when stimulation was delivered during the hold period prior to the Go Cue relative to behavioral trials when it was not (Fig.  3g) . The increase of 22.0 ms in average RT, consistent with previously reported results for microstimulation delivered in PMd, and the change in the distribution of RT ( Fig. 3h) indicate that neural preparatory activity was successfully disrupted using our closed-loop neuromodulation approach. In this work, we have demonstrated WAND, a small form factor, wireless neuromodulation device. Integration of a custom ASIC with an on-board FPGA and processor enables high-quality, long-term multi-channel recording and stimulation, full cancellation of stimulation artifacts, flexible programmability, and low-latency processing for delivery of closed-loop microstimulation. Our results show the utility of WAND in long-term wireless recording during natural behavior as well as in delivering closed-loop microstimulation based on real-time measured beta power modulation. Our closed-loop algorithm, which responds to modulation of spectral power, can be applied to mitigate adverse side-effects in therapy for Parkinson's disease 5 .
Device form factor, size, channel count, and sensor integration were designed specifically to interface with the microelectrode array of this work. Future research will incorporate other features of WAND, such as the inertial sensor and multi-site stimulation. The architecture of WAND makes it amenable to function as general-purpose research device, requiring only minor modifications to be optimized for specific research and clinical applications. The reconfigurability of the FPGA allows for extracting other neural biomarkers such as half-waves or line-lengths used to detect seizure onset in epileptic patients 6 . The applications shown here are a preview of the capabilities enabled by WAND for providing ondemand therapy, monitoring during treatment, and studying interactions between different regions of the brain.
Online Methods

WAND Board Components
The WAND board (Fig. 1b,d) consists of an SoC FPGA with a 166 MHz ARM Cortex-M3 processor (SmartFusion2 M2S060T, Microsemi) acting as a master module. The FPGA forms a custom 2 Mbps digital signal and clock interface with a pair of NMICs, aggregating data and commands in hardware FIFOs. The Cortex-M3 processor selects which channels are streamed or used for closed-loop, and runs the artifact cancellation and closed-loop algorithms. It connects to a 2 Mbps 2.4 GHz low-energy radio (nRF51822, Nordic Semiconductor) via SPI running at 3.08 MHz to form a bidirectional, half-duplex link with the base station and GUI.
We developed a custom radio protocol using a time division duplex scheme, allowing low-bitrate commands to be sent from the base-station to the board and high-bitrate neural recordings to be continuously streamed out for logging. The exact division between uplink and downlink can be adjusted to suit the application and streaming state, with a maximum effective bitrate of ~1.6 Mbps. Two streaming modes are available. In open-loop mode, 96 channels of data are streamed to the base station. In closed-loop mode, only the control channel and one of the stimulation channels are streamed, along with the calculated power spectral densities.
A 20 MHz crystal oscillator provides a clock source to the FPGA and processor, which then generates a 20.48 MHz clock for the NMICs (Cortera Neurotechnologies, Inc.). On-board buck converters (TPS6226x, Texas Instruments) generate the 1.2 V, 1.8 V, 2.5 V, and 3 V supplies needed by the rest of the system from a pair of 4.1 V, 250 mAh Li-ion batteries (ICP521630, Renata). A battery charger IC (LTC4065, Linear Technology) and 3-way connector allows for the battery to be safely charged without disconnecting it from the system. A 6-axis accelerometer and gyroscope (MPU-6050, InvenSense) and 512Mb low-power SDRAM (MT46H32M16LFBF-5, Micron Technology Inc.) are also connected to the processor through I2C and DDR, respectively, although they are unused in this work.
Device fabrication steps consisted of fabricating the 8-layer PCB, populating board components, wire bonding the NMICs, and soldering the neuro nano-strip connectors (custom order, Omnetics Connector Corp.) for interfacing with the microdrive electrode array. FPGA hardware was written in Verilog, while the Cortex-M3 and radio were programmed in c. A combined JTAG and SWD connector allows users to reprogram and debug SmartFusion2 and radio.
Base Station and Software GUI
A wireless base station consisting of a radio (nRF51822 Evaluation Kit, Nordic Semiconductor) and an SPI-to-USB bridge (CP2130EK, Silicon Labs) was used to communicate with WAND ( Fig. 1d) . A custom Python GUI was developed to control and monitor data streamed from WAND on a PC (Supplementary Fig. 1) . Users can setup the system for multiple use cases, visualize real-time neural recordings, configure all NMIC settings, and configure the closed-loop classification algorithm. Recorded data is saved in HDF5 data format along with relevant use case settings, NMIC configurations, and other notes for the recording.
Neuromodulation ICs (Cortera Neurotechnologies, Inc.)
The recording subsystem on each NMIC (Fig. 1c) is comprised of 64 mixed-signal 15-bit recording channels operating at 1k samples/s. Each recording channel has a selectable input voltage range of 100mV or 400mV allowing simultaneous amplification and digitization of the electrode offset, neural signal, and stimulation artifact within the linear range.
The four on-chip stimulators can be multiplexed to any of the electrodes and allow for a variety of programmable stimulation parameters, including current amplitudes, pulse timing, and frequencies ( Supplementary Table 1 ). Stimulation pulses are delivered in 3 phases: a setup phase with configurable setup time, a pulse phase configurable to be mono-phasic or biphasic with configurable pulse widths and interphase gap, and a shorting phase with a configurable shorting time where electrodes are shorted to the reference. The NMIC assists in artifact cancellation by flagging all samples coinciding with any of the stimulators being active; however, samples coinciding with the shorting phase only are not flagged and care must be taken to also remove artifact from those samples (Supplementary Fig. 2) . The artifact flag is implemented as a single bit appended after the most significant bit of the 15-bit ADC value, creating a 16-bit value per sample per channel. To enable low-latency (sub-ms), highly-programmable stimulation (225 bits of customization), the NMIC uses double content shadow registers, meaning stimulation parameters can be changed while the previous stimulation pulse or waveform is executed. A low-overhead command initiates a programmed stimulation pattern.
On-chip programmable DC-DC converters provide a 1V supply to the recording and digital circuits as well as a selectable 3/6/9/12V supply to the stimulator, adjusting the compliance for different stimulation regimes for improved power efficiency. All power management is therefore integrated on the chip, enabling power from a single supply without the need for large off-chip power conversion circuits 20 .
Artifact Cancellation and Open-Loop Experiment Analysis
Frames of concurrent 16-bit samples from the enabled NMIC recording channels arrive at the FPGA every 1 ms. Because some unflagged samples may still be affected by the shorting phase, our artifact cancellation always interpolates over the maximum number of consecutive flagged samples possible after detection of the first artifact sample (Supplementary Fig. 2) . This can be calculated by finding the length in milliseconds of the entire pulse, rounding it up to the nearest integer, and adding 1. For biphasic 125 µs pulses with a 31.25 µs interphase gap and 31.25 µs shorting phase, the length of the pulse is 0.3125 ms, which requires 2 samples to be cancelled per artifact.
Artifact cancellation is implemented on the ARM Cortex-M3 processor before packetization of data for wireless transmission or use in the closed-loop algorithm. Eight frames of samples are buffered, allowing cancellation of artifacts lasting up to seven frames. Artifacts are detected upon finding the first frame with a set artifact flag and cancelled once the first clean frame is received. Because of the 8-frame buffering, there is a delay of 8 ms between frames being received by the FPGA and frames being transmitted to the base-station or being used for closed-loop.
Closed-Loop Algorithm
The closed-loop control algorithm is implemented in the ARM Cortex-M3 processor and triggers stimulation based on real-time spectral analysis of any one of the 128 recording channels (Fig. 3f) . We compute the power spectrum of buffered windows of data using the fixed-point FFT and magnitude squared functions of the ARM CMSIS DSP library. Each window is demeaned and scaled 64x before computation. The window length, N, can be configured from the GUI to be any power of 2 between 16 and 2048, and successive windows overlap by N/2 samples.
From the power spectrums, we can derive up to two control signals. Each control signal can either be the integrated power across a specified frequency band, or the derivative of that power estimated by subtracting the newly calculated power value from the previous one. For each control signal we can specify the threshold for either the power or derivative. After each calculation, the decision to stim can either be the logical AND or logical OR of the threshold crossings from each control signal. A programmable "dead time" can be applied to prevent stimulation being triggered by consecutive power measurements. An additional random control mode triggers stimulation pulse trains at pseudorandom intervals between configurable minimum and maximum time intervals.
Surgery and Electrophysiology
A customized semichronic microelectrode array (Gray Matter Research, Inc.; Bozeman, MT) was implanted unilaterally in one male rhesus macaque (weight ~9.1 kg) ( Fig. 1a,d) . The subject was implanted unilaterally with the custom-machined chamber enabling access to pre-motor and motor cortical regions. The chamber position was calculated based on images obtained from 1.5-T magnetic resonance imaging (MRI) scans of the subject's brain. The semichronic array features a titanium chamber form-fitted to the cranium of the subject and a microdrive housing 157 single microelectrodes that are independently moveable in the depth axis. The microdrive sits within the implanted chamber and a sterile seal for the system is maintained. The microelectrodes are gradually lowered into neural tissue over time and their positions are adjusted throughout the experiment to better isolate neural activity in the nuclei of interest. Electrode positions are controlled by miniature screw driven actuators traveling along threaded rods. Electrical contact with the electrodes is achieved through a printed circuit board (PCB) and Omnetics headers are used to connect the PCB to neural recording systems, such as WAND or standard tethered electrophysiology equipment. There were two types of microelectrodes used in the semichronic array. The first were tungsten electrodes with epoxylite insulation (500 -800 kOhm; FHC), a standard electrode type for acute neural recording experiments. The second type were platinum-iridium (PtIr) electrodes with parylene-C insulation, which are standard for neuromodulation experiments (200 -350 kOhm; Microprobes; Alpha Omega). Electrical stimulation in this study was exclusively performed using the PtIr microelectrodes. All experiments were performed in compliance with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the University of California, Berkeley Institutional Animal Care and Use Committee (protocol AUP-2014-09-6720).
Primate Experimental Procedures
Overnight recordings were carried out with the subject moving freely throughout the home environment and were typically taken from approximately 8 pm to 6 am ( Fig. 2e) . The base station receiver was mounted on the ceiling approximately 0.5 m from the top of the cage and was connected to a computer running the custom GUI application for acquiring the neural recordings.
The subject was also trained in a standard center-out joystick task and a delayed-reach joystick task for in-chair behavioral recordings and for the closed-loop experiment (Fig. 1a, 3f) . Both tasks were selfpaced. Briefly, the subject was trained to use a joystick to control a cursor on a computer screen and move to circular targets presented on the screen. The joystick was affixed to the front of the primate chair and the subject was free to use either hand at any point in the task to control the joystick.
In the center-out task (Fig. 1a) , a trial begins with the subject holding the cursor at a center circular target for 500 ms. Following this hold period, a peripheral target appears at one of eight target locations equally distributed around the center target at a distance of 10 cm and the center target is removed from the screen, acting as a "go cue". The subject then moves the cursor (i.e. "reaches") to the peripheral target and holds at this target for another 500 ms. If successful, the subject is administered a small juice reward lasting 800 -1000 ms. A trial was considered successful if the subject completed the two hold periods within a 10 s period.
The sequence of events in the delayed-reach joystick task (Fig. 3f) is similar to the center-out task, with the exception being that the peripheral target appears prior to the "go cue", which is signaled with the disappearance of the center target. The hold period for the center target lasts 400 ms before the peripheral target is shown. This initiates the "delay period" with a duration that varied randomly trialby-trial with a range of 200 -400 ms. After the delay period, the center target disappears from the screen signaling the "go cue" and the subject is cued to reach to the peripheral target. The range of delay durations was chosen to allow for movement preparation and to ensure that microstimulation occurred near the go cue for a nontrivial number of trials.
Open-Loop Artifact Cancellation Experiment
The open-loop artifact cancellation experiments consisted of continuous recordings made with 30 seconds of no stimulation, 30 seconds of stimulation with no artifact cancellation, and 30 seconds of stimulation with artifact cancellation for each set of stimulation parameters. Biphasic stimulation, with amplitudes swept in 40 µA steps between 40 µA and 160 µA, were delivered for pulse widths of 125 µs and 62.5 µs and with 100 Hz and 20 Hz stimulation frequencies. Stimulation electrodes were chosen to be the same ones for the closed-loop experiment. During the open-loop stimulation experiments, the monkey was in-chair and did not perform any tasks.
Uncancelled artifacts were sorted offline into 10-sample windows aligned with the sample 0 being the clean sample before artifact starts and sample 1 being the first flagged sample of the artifact (Fig. 3c) . Offsets were then subtracted from each window such that sample 0 was 0 V. Artifact amplitude was calculated as the average sum of the magnitudes of samples 1 and 2. Artifact duration was then calculated as the average number of samples for which the magnitude was greater than -60 dB of the maximum calculated artifact amplitude. The power spectrum for each epoch of stimulation and artifact cancellation was estimated using Welch's averaged modified periodogram method with 1000 Hanning windowed samples and overlaps of 500 samples.
Closed-Loop Experiment
For the closed-loop experiment, we used a window length of N = 512 to calculate beta power (13 -30 Hz) and the derivative of beta power as our control signals. Stimulation was enabled when both the beta power exceeded 33 µV-rms and the delta of the beta power exceeded 10.45 µV-rms. The dead time was set to 3 power calculation windows, or 768 ms (Fig. 3f) . Biphasic, bipolar stimulation was delivered to PtIr electrodes 52 and 53 in pMD. Stimulation pulses were 160 µA in amplitude with 125 µs pulse widths and 31.25 µs shorting phase. Pulse trains were 18 pulses long and delivered at 256 Hz.
Reaction time was defined as the length of time following the Go Cue for the cursor speed to first achieve a threshold of 5 cm/s. RTs below 50 ms were discarded as they were likely due to the subject initiating movement prior to the Go Cue and RTs above 1 s were also not considered as they indicate a low level of engagement in the task.
Data and code availability
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